The complexity of a polygonal mesh is usually reduced by applying a simplification method, resulting in a similar mesh having less vertices and faces. Although several such methods have been developed, only a few observer studies are reported comparing the perceived quality of the simplified meshes, and it is not yet clear how the choice of a given method, and the level of simplification achieved, influence the quality of the resulting mesh, as perceived by the final users. Similar issues occur regarding other mesh processing methods such as smoothing. Mesh quality indices are the obvious less costly alternative to user studies, but it is also not clear how they relate to perceived quality, and which indices best describe the users behavior. This paper describes on going work concerning the evaluation of perceived quality of polygonal meshes using observer studies, while looking for a quality index which estimates user performance. In particular, given some results obtained in previous studies, a new experimental protocol was designed and a study involving 55 users was carried out, which allowed their validation, as well as further insight regarding mesh quality, as perceived by human observers.
INTRODUCTION
Given the wide range of application scenarios, several methods for building and processing polygonal meshes have been proposed in the literature. Thus, for any particular purpose the wide variety of methods leads to a problem: how do we choose the best method for a particular application?
A common operation applied to meshes is simplification. Depending on the application, several criteria can be used to choose the method to be applied, for instance, expected execution time or a set of automatic measures (e.g., as described in Cignoni et al. 1 and Silva et al. 2 ). But, even though such metrics provide feedback on the quality of the simplified meshes, giving some information about differences towards the original, it is not yet clear how they relate with mesh quality as perceived by users, which is an important issue given the fact that these meshes are, in general, to be rendered. In the past, some authors have tried to evaluate the quality of simplified meshes using observer studies 3, 4 and to correlate the results obtained with those provided by some metrics or quality indices.
• Is the new quality index (Mixed Measure) an appropriate estimator of perceived quality for any mesh simplification level?
• If it is not, can the blending factor be adjusted or more information (e.g., from another quality index) must come into play (blended)?
• How does this index behave for other mesh processing methods (e.g., smoothing or different simplification methods)?
In this paper we present the results obtained (for the first step above) using a new experimental protocol for evaluating global mesh quality, as perceived by human observers, for a set of models created from five original polygonal mesh models which were simplified using six simplification levels and four different simplification methods. We start with a brief overview of our previous work followed by a description of the experimental protocol used. Then, we present the main results, draw some conclusions and trace the routes for future work.
PREVIOUS WORK
In what follows a brief account of previous work carried out by the authors is provided, which is considered relevant for the subject matter of this paper.
Perceived Quality Evaluation
The global quality of simplified polygonal mesh models was previously evaluated using observer studies. In a first experiment 5 the perceived quality of a set of polygonal models of the lungs, simplified using three simplification methods (QSlim 9 and two other methods provided by the OpenMesh library 10 ), was evaluated by 32 observers. On a second experiment, 6 the previously obtained results were validated for a different set of polygonal models and for a wider range of observers (65 observers). These two observer studies were performed using the same experimental protocol, which is briefly described next.
Model sets were built from a set of original reference models: for each model and for each simplification level (20% and 50%) three simplified mesh models were created using the three simplification methods. This resulted in several test sets, each composed by the original and three simplified models.
We assessed the hypothesis that distinct mesh simplification methods have different effects on the model quality perceived by human observers, possibly varying with the simplification level and other factors, by asking for the observers' preferences and ratings, which are widely used to obtain relative judgments from observers and are probably the most adequate indices of fidelity.
4
With preferences (see Figure 1 , left), each observer assigned an ordering to the three simplified models in a test set according to their perceived quality, regarding the original reference model. With ratings (see Figure 1 , right), each observer classified each simplified model regarding the reference model, according to its perceived quality. For each task, the time taken to reach a decision and the number of interactions (performed on each model before deciding) were also recorded, since they seemed to be related to the degree of difficulty observers encounter in performing the preference and rating tasks.
To allow an easy implementation of the experimental protocol, as well as easy storage and management of the collected data, a software application was developed. Note that observers were freely allowed to interact with a model, by changing its position, orientation and scaling factor, and choose the viewpoints they wished to analyze a model from, which is a more realistic and less restricting setting than the one used by Watson et al. in a similar study.
A within subjects experimental design was used, i.e., each observer performed under each different condition. Due to the possible influence of learning effects, nervous behavior in the first task or fatigue in the last, all test sets were presented randomly to each observer and, for each observer, the order of presentation of the models, within each set, was also randomly chosen.
Information ranking the three simplification methods used resulted from these experiments. For moderate simplifications (50%) the method provided by the OpenMesh library, which uses a simplification criterion based on the maximum allowed normal flipping, obtained the best performance; while for severe simplifications (20%) QSlim obtained the best results. 
Estimators of User Perceived Quality
After analyzing the data obtained in the first observer study, 5 and comparing them with those obtained using automatic quality indices, 7 it seemed that, at least for that particular model set, two of the tested metrics behaved as good estimators of perceived quality: the Geometric Deviation for severe simplifications (20%) and Normal Deviation for moderate simplifications (50%).
Using the data obtained in a second observer study 6 the same trends where observed, i.e., Geometric Deviation seemed a good estimator of user perceived quality for severe simplifications, and Normal Deviation for moderate simplifications. A simple approach to a new quality index, named Mixed Measure, was thus devised, 8 which combines both Geometric and Normal Deviations using a blending factor based on the simplification ratio of the model: For these particular circumstances, this new quality index was a good estimator of user perceived quality for both simplification levels, but some questions arise: how should it behave for different simplification methods and levels; should other quality measures be blended to improve the results? A first attempt at using this metric as perceived quality estimator did not work as expected.
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In order to clarify these questions a new observer study has been designed and performed and its main features are presented in what follows.
EXPERIMENT
In the following sections a new observer study for perceived quality evaluation of polygonal meshes is presented.
Subjects
The subjects group was composed by 55 graduation students (46 men and 9 women), aged between 18 and 35, the majority (51 subjects) being between 18 and 25 years old. Forty-five subjects declared to have experience in viewing/manipulating 3D models.
Test Sets
To build the test sets used in the experiment it was necessary to choose a set of adequate original models and select the simplification methods and the number of simplification levels used. These steps are described in the following sections. 
Original Models
The chosen models are of different nature in order to provide a variety of features of different sizes and characteristics, which allow a more appropriate evaluation of perceived quality. As one of the objectives is to study user perceived quality for a wider range of simplification levels, the number of original models could not be very large. The chosen models are presented in Figure 2 and their main characteristics can be found in Table 1 . These models have different numbers of faces and surface characteristics, such as small details and large smooth regions, and are of different nature to account for its possible influence on observer responses, as mentioned by Watson et al. 4 Notice that all models have a reasonably small number of faces. Using models with a large number of faces has two main drawbacks: 1) due to model complexity it is harder to interact with them thus adding to the difficulty of the task; 2) a larger number of faces does not necessarily mean more detail, it can be just a matter of higher vertex density; thus, a severely simplified model might still be quite close to the original.
Simplification Levels and Algorithms
We wanted to use a wider range of simplification levels. But, given that the number of simplification levels influences the number of test situations, it must be carefully set as to provide a reasonable amount of data to work with without resulting in a long and time consuming study, for each observer.
The two previously used simplification levels (20% and 50% of the original number of faces) were kept in order to allow results comparison. As the simplification methods tested before performed differently for each of these simplification levels, it seemed important to test some values in-between to assess when this change of behavior occurs. Three additional, equally spaced, simplification levels were considered. The 20% level is already quite low and using only one more level below it seemed to be adequate. We initially considered having only one extra simplification level above 50%, since, as a model approaches its original number of vertices, all methods will probably exhibit similar perceived quality results as suggested in:
5 users rated the moderately simplified models very similarly, while the ratings for the severely simplified versions largely depended on the simplification method.
To be sure, we decided to perform some preliminary studies (with just 4 subjects) and they revealed that the models simplified to 70% of the original number of faces were very hard to evaluate, which introduces two new issues: 1) the perceived quality results for such models might not provide any useful information due to a strong similarity of behavior for all simplification methods; and, more important, 2) a very difficult classification task terribly annoys users and will strongly contribute for their tiredness. Therefore, we opted for not using any 10% 20% 27% 35% 43% 50% Figure 3 . Simplified versions of the ChinaDog model generated using the QSlim algorithm.
additional simplification level above 50%, which lead to 6 simplification levels: 10%, 20%, 27%, 35%, 43% and 50% of the original number of faces.
The paper by Cheng et al. 11 on perceptually optimized 3D transmission over wireless networks, which states that perception varies with geometry changes following an exponential curve, and although our simplification levels were not distributed as theirs (i.e., logarithmically spaced), we ended up by also concentrating a larger amount of levels below 50%. Figure 3 shows all six versions of the ChinaDog model generated using QSlim.
We selected the three previously used simplification methods (QSlim 9 and two methods provided by the OpenMesh 10 library, one using a normal flipping criterion) to allow a comparison with previously obtained results, as well as a new simplification method, named NSA, 12 that uses a simplification criterion also based on normal flipping, to allow further testing.
This resulted in 30 test sets (5 models and 6 simplification levels), each having four simplified models obtained using the four simplification methods, for each simplification level.
Protocol
As reported in our previous publications, the use of preferences to evaluate perceived quality of polygonal meshes is quite effective. As we are now focused on obtaining information about relative model quality, ratings are not suitable (as they give absolute quality information towards the original model) and will not be used. This allows for a larger number of test situations for preferences, while maintaining the average length of the observer study around 30 minutes (to avoid fatigue).
In the first observer studies performed, the user was presented with three simplified versions of a model (for the same simplification level) as well as the original, and asked to assign a preference ordering.
For this new observer study, the test sets have four models each which, along with the original, were simultaneously presented to the user and a preference ordering (1st, 2nd, 3rd and 4th places) asked for. Figure 4 shows the user interface of the software application used to implement the protocol.
The different test sets are randomly shown to the observer and the model order on screen is also random. This is to avoid the effects of lack of practice in the initial sets and fatigue in the final.
The user is allowed to freely interact with the models choosing the position, orientation and scaling factor, which better allow a proper inspection of particular model details. Our experience from previous experiments suggests this is a very important feature allowing a more complete analysis of the models than in previous setups by other authors (e.g., 4 ).
Collected Data
The following data is collected for each user and each test set:
• Preference ordering
• Order of presentation of models on screen -To allow a possible analysis of its influence on the results.
• Number of interactions with the models -Which provides feedback about the difficulty to perform the task.
• Time taken to order each test set -Also to assess the difficulty to perform the task.
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Pilot Experiment
Before this observer study was applied to the subject population, a pilot experiment was performed in order to test the protocol, the data collection process and the software developed (not all test sets were used). Comparing to our previous observer studies, no additional difficulty seemed to arise due to the extra model on screen. Each observer took about one minute to order each set, which agreed with our estimate experiment time of about 30 minutes.
RESULTS
In this section we present the main results obtained from the analysis of the data collected during the experiment. All results were obtained using STATISTICA. 
Preliminary Global Analysis
The first variables analysed were the decision time and the number of interaction. After a preliminary Exploratory Data Analysis (EDA) using boxplots, 14 we decided to remove all severe outliers and maintain the moderate ones. Figure 5 shows the boxplots corresponding to the decision times (on the left) and interactions (on the right) categorized by model. Concerning decision times it can be observed that for the Bunny, ChinaDog and TRex models the decision time is lower for the 10% simplification level than for the 50% simplification level with a general tendency to gradualy increase in between. This can be due to the distilation effect mentioned by Watson et al. 4 and confirmed in our previous studies: observers tend to decide faster in the presence of less information, i.e., when observing more severely simplified models. But, for the Head and Hand models the opposite is observed, i.e., decision times are higher for the strongest simplification (10%) and tend to decrease, the smallest decision time happening for the 50% simplification level. In a previous study, 6 in which the same Head model was also used, we observed this same behavior and suggested that it could be due to the way humans process information regarding faces, 15 or to some particularity concerning curvature properties of the model. Since in the present study the Hand model exhibits a similar behavior, it seems that such behavior is due to model surface properties shared by these two models.
Concerning the number of interactions ( Figure 5 , on the right) a higher number of interactions is observed for the TRex model than for any other model. Looking closely to the decision times for this model it can be noticed that they are also high. Through these results one can anticipate that this was the model for which user decisions were more difficult.
Concerning preferences, Cluster Analysis was used to study how the different simplification methods and levels would group according to observers' preferences. This gave some very interesting results which are depicted on Figure 5 . Boxplots corresponding to the decision times (left) and number of interactions (right) for all models, after removing severe outliers, and categorized by model. For each model, the leftmost boxplot corresponds to a 10% simplification and the rightmost to 50%.
the dendogram (left) and factorial plane (right) presented in Figure 6 . As it can be observed there is a clear grouping by method and then between methods. Notice how the QSlim and OpenMesh methods group before grouping with the other two (which also group). This makes sense, since these two method groups are driven by different simplification criteria: NSA and OpenMesh with normal flipping use normal flipping criteria, while the other two use only error quadrics. In order to verify if the tendencies observed in our previous studies were present, the results obtained for all models were gathered and the global preferences for the simplification levels of 20% and 50% were analysed. Contingency tables (see Table 2 ) were used and independency hypothesis were tested. The independency between simplification method and preferences was rejected for both simplification levels with χ 2 = 89, 86 >> 16, 91 (χ 2 (9 d.f.;α = 0.05)) for 20%, and χ 2 = 108, 27 >> 16, 91 (χ 2 (9 d.f.;α = 0.05)) for 50%. These results, as those obtained earlier, suggest that observers' are responsive to the simplification method used, although they react in a different way according to the simplification level.
To better understand the results obtained by the contingency tables they were visualized using a Correspondence Analysis.
16 Figure 7 shows the factorial planes corresponding to the contingency tables for the analysed simplification levels. In these projections we can observe that for the simplification level of 20% each simplification method is associated with a preference level: first place for NSA, second place for QSlim, third place for OpenMesh and forth place for OpenMesh with normal flipping. A different association can be observed for the 50% simplification level: NSA and OpenMesh with normal flipping take the first and second places, very close to each other, followed by QSlim and OpenMesh.
If these factorial planes are compared with those built for the results obtained in a previous observer study 6 (see Figure 8 ) it can be observed that, apart the new simplification method used, NSA, the other three methods keep their relative positions. This confirms the results previously obtained showing the same behaviors for the simplification methods depending on the simplification level.
Detailed Analysis
After the preliminary global analysis of the data, we performed an analysis for each model and simplification level. Contingency tables were built and the results visualized using bar charts and Correspondence Analysis. The independency hypothesis between simplification method and observer preferences was tested and was, in general, rejected for all models and simplification levels, although the associations found had different strengths.
Regarding the Bunny model, Figure 9 shows an example of the analysis performed for each model and simplification level, presenting a contingency table and a bar chart for the preferences obtained for the 10% simplification level. Figure 10 shows the factorial planes concerning all simplification levels for the Bunny model. There are strong associations for all simplification levels (i.e., χ 2 value >> 16, 91 (χ 2 (9 d.f.;α = 0.05))) with the smallest value being the one for the 50% simplification level (see Table 3 , which presents all χ 2 values obtained for all models and simplification levels, regarding the independency between simplification method and observer preferences). In fact, considering all models, the smallest values of χ 2 occur for the 50% simplification level which denotes the difficulty felt by the observers to decide. This seems to agree with our a priori option not to use simplification levels above 50%, as we suspected they would not yield usable results.
For the ChinaDog model high values of χ 2 were obtained with the exception of the 50% simplification level, for which the independency hypothesis between simplification method and observer preferences was accepted .
The Head model was the one which yielded the best results, as it presented strong associations for all simplification levels including 50% (see Table 3 ). In our previous observer study this model also resulted in very strong associations between simplification method and observer preferences, which seems to recomend it as a very appropriate model for this kind of studies.
The analysis of the data obtained for the TRex model revealed poor results. Contingency tables and Correspondence Analisys yielded small values of χ 2 , indicating a weak association between simplification method and observer preferences regardless of the simplification level. As an example, Figure 11 shows the bar chart and factorial plane for the results obtained for the 20% simplification level of the TRex model. Notice how the associations are very unclear.
The Hand model showed, in general, strong associations and the second strongest association for the 50% simplification level, behaving similarly to the Head model, although exhibiting weaker associations. Independently of the global results previously shown, notice that each simplification algorithm presented a different behavior depending on the model and simplification level. Figure 12 shows several bar charts depicting the preferences for each model depending on simplification method (rows) and level (in columns). The analysis of these bar charts conveys some interesting results. For some algorithms their behavior is very different from model to model. Consider the NSA algorithm for the Bunny model: independently from the simplification level it always got the 4th place; on the contrary, for the Hand model the same algorithm always got the first place. This shows that algorithm behavior clearly depends on the characteristics of the model. There are algorithms/models for which the performance is not affected by the simplification level, i.e., the algorithm keeps a stable preference order along the simplification range, while there are situations in which an increase/decrease in simplification level leads to changes in association (e.g., it gets stronger or changes completely) between simplification method and observer preference. The bar charts for the TRex model confirm the results obtained using the contigency tables: in many of the simplification methods and levels it is not clear which method is in which position.
CONCLUSIONS
We presented the results obtained using a new experimental protocol to assess the perceived quality of polygonal meshes. Fifty-five subjects were asked to order several mesh model sets, containing four models obtained using four different simplification methods, according to their perceived quality towards the original. The models in each set had the same simplification level; six different simplification levels were used.
The main goal was to widen the scope of previous observer studies by using a larger number of simplification levels for each model, and other mesh processing methods (in this case, another simplification method) to create the test sets.
From the model sets used, only those obtained from the TRex model did not provide strong association results. Even though we took out the dinosaur tail, to reduce size and provide a better visualization on screen, we think this did not influence the results. Therefore, we have to determine the reason for such poor results.
From the data obtained in this observer study resulted about 20 model sets (rejecting the results from the TRex model and some of the weakest associations), each set ordered according to perceived model quality. The following step is to use these results and compare them with quality results obtained using different automatic quality indices. This will hopefully bring greater insight on how those measures relate with perceived quality. Comparing with our previous studies we now have a larger number of simplification levels which will allow a more thorough analysis, an important factor to analyze the behavior and enhance the new mixed quality index.
During the observer study we obtained some observer feedback leading to the conclusion that the primary factor for observer fatigue was not the number of situations but model repetition. To enlarge our perceived quality database, we think it might be a good idea to use a wider variety of models, instead of a smaller set of originals with many variants (e.g., simplification levels), in future observer studies.
